Switching of the Variant Surface Glycoprotein (VSG) in Trypanosoma brucei provides a crucial host immune 31 evasion strategy that is catalysed both by transcription and recombination reactions, each operating within 32 specialised telomeric VSG expression sites (ES). VSG switching is likely triggered by events focused on the 33 single actively transcribed ES, from a repertoire of around 15, but the nature of such events is unclear. Here 34 we show that RNA-DNA hybrids, called R-loops, form preferentially within sequences termed the 70 bp 35 repeats in the actively transcribed ES, but spread throughout the active and inactive ES in the absence of 36 RNase H1, which degrades R-loops. Loss of RNase H1 also leads to increased levels of VSG coat switching 37 and replication-associated genome damage, some of which accumulates within the active ES. This work 38 indicates VSG ES architecture elicits R-loop formation, and that these RNA-DNA hybrids connect T. brucei 39 immune evasion by transcription and recombination. 40 41
Introduction 57
The genome provides the blueprint for life and is normally protected from rapid content change by high 58 fidelity DNA replication and a range of repair pathways. However, strategies for elevated rates of genome 59 variation have evolved, some of which are genome-wide, such as in developmental chromosome 60 fragmentation in ciliates (1) and chromosome and gene copy number variation during Leishmania growth 61 (2, 3). More commonly, enhanced genome change is more localised and caused by deliberate lesion 62 telomere homeostasis (26, 34) and chromatin formation (35, 36) . In addition, R-loops can lead to genome 98 instability and mutation (37) (38) (39) . Two distinct ribonuclease H enzymes, RNase H1 and RNase H2, are found 99 in eukaryotes and can degrade RNA within R-loops (40) . Here, we explore R-loop distribution in the VSG ES 100 of both wildtype BSF T. brucei and in null mutants that lack a homologue of RNase H1. We show that R-101 loops accumulate throughout all VSG ES in the absence of the RNase H enzyme, indicating RNA-DNA 102 hybrids form in these transcription sites and are normally resolved by removing the RNA. Loss of the RNase 103 H results in elevated levels of replication-associated damage and leads to increased VSG switching, 104 suggesting a model for the events that initiate antigenic variation in T. brucei. 105 106 Results 107 T. brucei encodes a non-essential, nuclear RNaseH1 108 T. brucei encodes an RNase H1 homologue (TbRH1) that has been predicted to be nuclear by fusing an N-109 terminal fragment to GFP (41) . By expressing full-length TbRH1 C-terminally fused to 12 copies of the myc 110 epitope ( Fig.S1A ), from its own locus, we confirmed nuclear localisation ( Fig.1A) . Expression of TbRH1-myc 111 was constitutive throughout all discernible cell cycle stages of BSF T. brucei cells and did not display any 112 obvious sub-nuclear localisation (Fig.1B) , though increased signal appeared present in cells undergoing 113 nuclear replication (Fig.S1B ). By integration of TbRH1 targeting constructs (Fig.S2A ) we generated 114 heterozygous (+/-) and then homozygous (-/-) TbRH1 mutants (Fig.S2B ). No growth perturbation (Fig.1C) or 115 alteration in cell cycle stage distribution (Fig.1D ) was apparent in the mutants, indicating TbRH1 does not 116 provide essential genome functions (at least in culture), unlike mammalian RNase H1 (42) . 117
R-loops accumulate throughout VSG transcription sites in the absence of RNase H1 118
To ask if TbRH1 targets R-loops within the VSG ES, we performed DNA-RNA immunoprecipitation coupled 119 to next generation sequencing (DRIP-seq) (43) in both wild type (WT) and Tbrh1-/-cells, aligning DNA reads 120 to the VSG ES using MapQ filtering (44) to ensure ES-specific mapping of Illumina short reads across regions 121 of homology (Fig.2, Fig.S3 ). In WT cells there was limited read enrichment across the ES region spanning the 122 promoter to the VSG, either in the actively transcribed ES (BES1, containing VSG221) or the 13 distinct 123 silent ES. Pronounced enrichment was only observed proximal to the ends of the ES, downstream of the 124 VSG, which most likely represents TERRA RNA since levels of the signal increased in Tbrh1-/-mutants 125 ( Figs.2A,E) , the opposite of decreased TERRA RNA when TbRH1 is over-expressed (26) . Loss of TbRH1 126 resulted in DRIP-seq signal throughout all ES, both active and silent ( Fig.2A, Fig.S3 ). To check the mapping, 127 we performed qPCR on DRIP samples (Fig.2B ). Enrichment of sequence in the IP relative to input (non-IP) 128 was substantially higher (~10 fold) from Tbrh1-/-cells relative to WT for two ESAGs (6 and 8), confirming 129 intra-ES R-loops. The same differential between mutant and WT was also seen with qPCR using primers 130 recognising VSG221 (BES1, active) or VSG121 (BES3, inactive), confirming R-loops in both transcribed and 131 untranscribed sites. Finally, on-bead treatment of samples with E. coli RNase HI prior to DNA recovery 132 clearly reduced the IP enrichment in the Tbrh1-/-cells, confirming recovery of To examine the distribution and abundance of ES R-loops further, we performed K-means clustering of the 134 read alignments from WT and Tbrh1-/-mutant DRIP-seq, separating the analysis into three ES components: 135 the ESAG-containing region from the promoter to 70 bp repeats (Fig.2C) , the 70 bp repeats (Fig.2D) , and 136 the VSG plus 500 bp of flanking sequence ( Fig.2E ). In all components of the ES, as expected, read 137 abundance was greater in the Tbrh1-/-mutants than WT. However, the extent and pattern of enrichment 138 was not equivalent in the three components, and nor was it always equivalent in active and silent ES. For 139 the ESAG and 70 bp repeat components (Figs.2C, D) , clustering analysis separated the active ES from all 140 silent ES both in WT and Tbrh1-/-cells, suggesting differences dictated by transcription. In contrast, no such 141 separation was seen around the VSG, where the active and silent ES could not be distinguished ( Fig.2E ). 142
Indeed, the level of signal across the VSG ORFs was relatively low compared with upstream and, in 143 particular, downstream (presumably telomeric) regions, despite low levels of R-loops being present (as 144 confirmed by VSG DRIP-qPCR; Fig.2B ). Enrichment of DRIP-seq signal in Tbrh1-/-cells relative to WT 145 extended across the ESAGs (Fig.2C ) and did not appear to be due to localisation to any specific sequence 146 elements, such as the ORFs or untranslated intergenic regions ( Fig.2A, Fig.S3 ), indicating R-loops became 147 more abundant throughout the region of potential transcription upstream of the 70 bp in the absence of 148 TbRH1. In contrast, the 70 bp repeats were notable for three features (Fig.2D) . First, the level of 149 enrichment across the repeats was notably higher in Tbrh1-/-mutants relative to WT than in both other 150 components of the ES (~2 fold in the 70 bp repeats, compared with ~1.5 fold elsewhere; see also Fig.2A, 151 Fig.S3 ). Second, in WT cells the small signal levels in the inactive ES were notably lower across the 70 bp 152 repeats than surrounding sequence, whereas in Tbrh1-/-cells signal was greater across the repeats than 153 the flanks. Third, a different pattern was seen in the active ES: in WT cells there was no DRIP-seq signal 'dip' 154 within the 70 bp repeats, and in the Tbrh1-/-mutants the signal was more enriched at promoter-proximal 155 repeats than telomere-proximal, following the direction of transcription. Taken together, the clustering 156 analysis indicates TbRH1 plays a key role in removing R-loops in the VSG ES, with the 70 bp repeats being a 157 focus for accumulation of the hybrids; furthermore, the distinct features of the mapping within the active 158 ES relative to inactive ES suggest R-loop accumulation and removal by TbRH1 is co-transcriptional in WT 159
cells. 160

Loss of RNase H1 results in elevated levels of VSG coat switching 161
Given that R-loops accumulate within the VSG ES in the absence of TbRH1, we next asked if the increased 162 abundance of the RNA-DNA hybrids is associated with altered VSG expression in Tbrh1-/-mutants relative 163 to WT. To test this association, we first performed RT-qPCR to measure RNA levels of a selection of ES VSGs 164 ( Fig.3A) . Five VSGs within silent ES in the Lister 427 T. brucei strain used here (14) (Fig.3A) displayed 165 significantly higher RNA abundance in the Tbrh1-/-cells relative to WT. In addition, a small reduction (p 166 value 0.054) in RNA levels was observed for VSG221, which is present in the predominantly active VSG ES in 167 WT cells (BES1; Fig.2 ). To ask if RNA changes are limited to ES VSGs, we performed RNAseq on RNA from 168 the WT and Tbrh1-/-cells and mapped the reads to all available annotated VSGs in the Lister 427 T. brucei 169 strain (14, 16) . In total, 63 VSGs displayed 1.5 fold or greater number of mapped RNAseq reads in the 170 Tbrh1-/-mutants compared with WT ( Fig.3B ). Amongst these genes were nine bloodstream ES VSGs, of 171 which four showed particularly pronounced read increases, though comparable changes in read depth 172 were not obvious for the associated ESAGs within the ES (see VSG121 in BES3, Fig.S4 ). Increased RNAseq 173 reads in the mutants were also detected for VSGs from all parts of the silent archive, with intact and 174 pseudogenic array VSGs more frequently detected than metacyclic ES or minichromosomal VSGs (Figs. 175 3B, C) . Taken together, the RT-qPCR and RNAseq data indicate that loss of RNaseH1 leads to increased levels 176 of transcription from normally silent VSGs. 177 To test if these RNA changes extend to the VSG surface coat, we used immunofluorescence on 178 unpermeabilised cells to evaluate the stability of VSG221 expression, since this VSG is normally resident in 179 the predominantly transcribed ES (BES1). To do this, we first examined VSG221 expression over time, 180 comparing the frequency with which three Tbrh1-/-and WT clones no longer expressed the protein during 181 prolonged passage ( Fig.4A ). Despite the absence of immune selection against VSG221 expression, greater 182 numbers of cells without surface VSG221 were seen in the Tbrh1-/-cells than in WT at each time point 183 examined, indicating elevated levels of VSG switching throughout growth in culture. Notably, such elevated 184 VSG switching is not associated with changes in population doubling time of the RNaseH1 mutants. To 185 examine this effect in more detail, we next performed co-immunofluorescence (IF) on unpermeabilised WT 186 and Tbrh1-/-cells (grown for >45 generations in culture) using antiserum recognising VSG221 (active BES1) 187 or VSG121 (silent BES3). In this WT population, all cells analysed expressed VSG221 ( Fig.3B ), whereas ~3.5% 188 of the Tbrh1-/-mutant cells no longer expressed VSG221 on their surface ( Fig.3B , C). Most of the cells 189 (~3.1%) that did not react with VSG221 antiserum also did not react with VSG121 antiserum, indicating they 190 expressed a distinct VSG or VSGs on their surface. However, in a small proportion of cells (~0.35%) VSG121 191 could be detectably expressed, indicating this gene had been activated. To determine if all expressing Tbrh1-/-cells had switched off VSG221, we looked amongst the VSG121-expressing cells for co-193 staining with both antisera (Fig.3C, D) . As a control, immunofluorescence was also performed in a distinct 194 WT strain (i.e. not lacking TbRH1) in which a transcription elongation blockade within BES1 has silenced this 195 ES and predominantly activated BES3 (28, 45, 46) , containing VSG121 ( Fig.3 C,D). Most (~68%) Tbrh1-/-cells 196 stained only with anti-VSG121 antiserum, though a minority (~32%) were VSG221-VSG121 double 197 expressers. Taken together, these data indicate that loss of TbRH1 results in an increased frequency at 198 which expression of the active VSG is lost, which mainly reflects complete VSG switching events where the 199 active VSG is no longer detected and expression of a distinct VSG occurs. Loss of mono-allelic control, which 200 results in co-expression of VSGs from the active and at least one previously silent ES, is less common but 201 was observed. 202
Loss of RNase H1 results in elevated levels of replication-associated genome damage 203
Two models might be considered to explain elevated VSG switching in Tbrh1-/-mutants relative to WT cells 204 ( Fig.5 ). In one model, ES R-loop accumulation impedes complete transcription of the active ES, selecting for 205 cells in which a previously silent ES has been transcriptionally activated. Once activated, these newly 206 expressed ES then accumulate R-loops, propagating the DRIP-seq signal across all ES (Fig.2) . However, R-207 loops have also been linked to DNA breaks and rearrangement (39), through impeding DNA replication (47-208 51) , as a result of elevating the levels of transcription-associated breaks (52-54), or because the RNA-DNA 209 hybrids form in response to transcription-associated breaks (55-61). A second model, therefore, is that 210 increased R-loops in Tbrh1-/-cells reflect the accumulation of damage in the ES, leading to recombination-211 based VSG switching. To try and separate these models, we compared levels of nuclear genome damage in 212 WT and Tbrh1-/-cells by assessing expression of Thr130-phosphorylated histone H2A (γ-H2A), which 213 increases in abundance after a range of genotoxic insults (62, 63) and in repair mutants (28). Western 214 blotting revealed comparable levels of overall γ-H2A in WT and Tbrh1-/-cells ( Fig.S5 ). However, IF analysis 215 revealed a ~2.3 fold increase in the number of Tbrh1-/-cells with detectable nuclear γ-H2A signal, rising 216 from around 7% in WT ( Fig.6A ). Super-resolution structure-illumination microscopy revealed that in both 217 WT and Tbrh1-/-cells most γ-H2A signal appeared as a single subnuclear focus, though some cells with >1 218 foci were present ( Fig.6B ; examples in Figs. 5D and S6). In addition, some cells displayed diffuse staining 219 throughout the nucleus ( Fig.6B ), suggesting γ-H2A signal may represent various types of damage. DAPI 220 staining of a T. brucei population provides a means to determine the cell cycle stage of individual cells, 221 since replication and segregation of the nuclear (N) and kinetoplastid (K) genomes occur with different 222 timings (64). In keeping with previous work (62) more WT cells displayed γ-H2A signal ( Fig.6C ) when they 223 were undergoing nuclear replication (1N1eK) or were in G2-M phase (1N2K), with reduced numbers of 224 signal-positive cells from the end of M phase (2N2K) through G1 (1N1K). Cell cycle quantification of the 225 Tbrh1-/-mutants showed that the increased proportion of cells with γ-H2A signal was nearly entirely 226 accounted for by greater numbers of 1N1eK (~2.4-fold increase) or 1N2K (~3.6-fold) cells with foci relative 227 to WT (Fig.6C ), indicating increased accumulation of nuclear damage occurs during replication of the 228 genome in the absence of TbRH1. 229
Loss of RNase H1 results in accumulation of DNA damage predominantly in the actively transcribed VSG 230 expression site 231
To ask if some of the damage detected by microscopy of γ-H2A localises to the VSG ES, we performed ChIP-232 seq with anti-γ-H2A antiserum in WT and Tbrh1-/-cells, mapping the reads to the 14 ES using MapQ 233 filtering ( Fig.6E, Fig.S7 ). In WT cells low levels of γ-H2A ChIP reads were seen in all ES, but the level of 234 enrichment was notably greatest and most widespread in the active ES (BES1, containing VSG221), in 235 particular around the VSG and 70 bp repeat-proximal ESAGs. In the Tbrh1-/-cells, γ-H2A ChIP reads were 236 detected at even greater levels in the active ES (BES1), both at the locations detected in WT cells and due to 237 increased reads more proximal to the ES promoter. In contrast, though γ-H2A ChIP reads also increased in 238 the silent ES of Tbrh1-/-cells ( Fig.6E, Fig.S7 ), the extent of this change was more modest than was seen in 239 the active ES. These data indicate DNA damage is present in the active ES, in particular proximal to the 70 240 bp repeats and VSG, where distinct assays have suggested the presence of DNA breaks (23-25). As the 241 extent of γ-H2A signal increases after ablation of TbRH1, this response correlates with the increased 242 abundance of R-loops, which may form preferentially in the active ES. 243 244 Discussion 245
In this work we reveal that interplay between transcription and sequence composition of the VSG ES leads 246 to R-loops acted upon by RNaseH1, and that loss of the ribonuclease results in increased replication-247 associated damage, including in the VSG ES, and increased VSG coat switching. These findings indicate that 248 VSG ES structure lends itself to the generation of R-loops during the expression of the trypanosome's 249 crucial surface antigen, indicating RNA-DNA hybrids may be harnessed to provide pathogen-specific, 250 discrete functions, such as antigenic variation. 251
The data we present here provide insight into the initiation of antigenic variation in T. brucei (Fig.5 ). We 252 suggest that transcription through the VSG ES leads to the formation of R-loops that appear to be rapidly 253 resolved, including by TbRH1, to ensure continued high rates of VSG coat expression (65). Within the ES the 254 70 bp repeats appear to be a pronounced site of VSG RNA-DNA hybrid accumulation, given the strongest R-255 loop ES enrichment is seen in this location in Tbrh1-/-mutants. R-loops may form more readily on the 70 bp 256 repeats due to their sequence composition: individual 70 bp repeats show considerable size and sequence 257 variation but are, in part, comprised of (TRR) repeats (15, 66) that can become non-H bonded (67) by gene conversion of silent ES sequences into the active ES. However, the lack of evidence for increased 286 RNA spanning the silent ES (such as BES3) in the Tbrh1-/-mutants contrasts with increased RNAseq reads 287 for multiple ES VSGs, and does not readily match the greater density of γ-H2A signal proximal to the 70 bp 288 repeats in the mutants. Instead, the γ-H2A ChIP mapping appears consistent with damage initially arising in 289 the telomere-proximal region of the ES, perhaps due the nature of the repeats (above). If correct, this may 290 explain the RNAseq data, with telomere-proximal damage leading to activation not simply (or even 291 predominantly) of silent ES VSGs, but any VSG in the silent archive. In this model, accumulation of R-loops 292 throughout the silent ES may indicate trans formation of the RNA-DNA hybrids after their generation in the 293 active site, rather than transcription-associated formation. Irrespective of the precise details, the 294 accumulated data presented here suggests that R-loop-associated recombinational switching predominates 295 over R-loop-associated transcriptional switching. Nonetheless, since we could detect Tbrh1-/-cells in which 296 at least two VSGs were expressed on the cell surface, a commonality of R-loops acting during transcription-297 mediated and recombination-mediated antigenic variation in T. brucei is possible. In other words, these 298 reactions may not be entirely independent in mechanisms but, instead, share a common initiating event. 299
Such commonality might explain why ablation of the homologous recombination factors RAD51, BRCA2 and 300 RAD51-3 impairs both VSG gene conversion and transcriptional switching (70-72), as well as why induction 301 of DNA damage can elevate levels of silent VSG expression (73). 302
Precisely how R-loops intersect with recombinational VSG switching will need to be explored further, but 303 several routes might be considered, which have intriguing parallels in other eukaryotes. Accumulation of R-304 loops due to ES transcription pausing may alone be enough to generate the increased damage we detect in 305 the active ES (and thereby induce recombination), perhaps due to prolonged negative supercoiling 306 downstream of RNA Pol I increasing the likelihood of R-loop formation and greater exposure of the single-307 stranded DNA in the RNA-DNA hybrid. Alternatively, R-loops may not be the cause of damage but may 308 form in response to the formation of lesions, perhaps due to ES transcription, detected by γ-H2A. Both 309 routes may explain detection of putative DSBs within VSG ES (23-25). Determining whether R-loops cause 310 or respond to DNA breaks remains challenging in any setting (38, 55) , since it is clear that chromatin and 311 repair pathways can modulate the damaging effects of R-loops (74-77), while at the same time single-or 312 double-stranded DNA breaks can induce R-loop formation (56, 61) . A final route that might be considered is 313 that R-loops do not merely affect transcription, but impede DNA replication through the active VSG ES and 314 lead to breaks that elicit a VSG switch. This final route would be compatible with the elevated levels of γ-315 H2A in replicating Tbrh1-/-cells, and with previous observations showing the active VSG ES replicates 316 earlier than all the silent ES (28). In other words, it is possible that the ES structure and function has 317 evolved to target replication-transcription clashes to the site of VSG expression to facilitate switching. 318
Currently none of these scenarios can be ruled out, but the effects of TbRH1 loss on inducing VSG switching 319 appears consistent with observations in other eukaryotes, and may explain the previously characterised 320 roles of several repair factors. Mutation of T. brucei RAD51, the key catalytic enzyme of homologous 321 recombination, impairs VSG switching (70). Intriguingly, yeast Rad51 has recently been shown to promote 322 formation of R-loops and rearrangement at certain loci (78), an effect that is abrogated when factors that 323 promote Rad51 activity are mutated, consistent with the impairment of VSG switching in T. brucei BRCA2 324 and RAD51-3 mutants (71, 72). In both yeast and mammals, loss of the RecQ helicases Sgs2 and BLM, 325 respectively, causes elevated levels of R-loops and locus-specific instability (79), a response that may 326 explain increased VSG switching by gene conversion when RECQ2 (the T. brucei orthologue) is mutated 327 (28). Moreover, the R-loop role of Sgs2/BLM has been interpreted as being necessary to tackle replication-328 transcription clashes, a role that may explain the distinct phenotypes of T. brucei RECQ2 mutants when 329 acting on DNA double strand breaks and during VSG switching (28). Finally, mutation of both RNase H 330 enzymes in yeast has been documented to cause elevated levels of DNA damage (detected as RAD52 331 localisation) at rRNA genes, an effect that is due to RNA Pol I transit and results in gene conversion by 332 break-induced replication, a process that has been suggested to mediate VSG switching in the RNA Pol I-333
transcribed ES (80, 81) . Despite the broad parallels between these observations and the demonstration of 334 RNA-DNA hybrids within the VSG ES, it is probably premature to draw clear mechanistic parallels. For 335 instance, it has long been known that R-loops mediate mammalian immunoglobulin gene class switching 336 (82), but the nature of transcription and lesion generation (7) Irrespective of the detailed mechanism, positioning of the 70 bp repeats immediately upstream of the VSG 342 appears advantageous, targeting breaks to allow recombination-mediated break repair to access any of the 343 ~1000 VSGs outside the VSG ES. R-loops that form in other locations in the active VSG ES would drive intra-344 ES recombination, which is observed frequently (83). 345
Beyond the proposed mechanistic involvement of R-loops in directing VSG switching, the data in this work 346 reveal wider overlap with emerging roles for RNA in many immune evasion strategies. Antigenic variation in 347
Neisseria gonorrhoeae relies upon the expression of a small non-coding RNA, upstream of and antisense to 348 the pilE expression site, across a guanine quartet-forming DNA sequence (84), which results in DNA nicks 349 that may elicit recombination (85). Intriguingly, small RNAs may also be generated from silent pilS 350 recombination substrates (86). Non-coding RNA is widespread in Plasmodium, including sense and 351 antisense non-coding RNA (ncRNA) that emanates from the promoter (87) and intron (88) of var genes, 352 which mediate antigenic variation, as well as from a var-associated GC-rich ncRNA gene family (89). 353
Modulation of the expression of the ncRNAs, as well as mutating a novel exoribonuclease (87), undermines 354 the transcriptional controls that determine singular var gene expression during antigenic variation. Though 355 it has not to date been reported that R-loops form in these settings, as we describe for T. brucei, and the 356 generation and action of effector transcripts is very likely to be organism-specific, it is notable that both 357 recombination and transcription events during antigenic variation are influenced by RNA, which in at least 358 two cases interacts with DNA. Characterising the factors and reactions that act on the T. brucei ES R-loops 359 to dictate the dynamics of antigenic variation will reveal how similar or distinct the processes are in the 360 different pathogens. 361
362
Methods 363
Molecular and cell biology techniques 364
All cell lines used were bloodstream form parasites, which were maintained in HMI-9 medium 365 supplemented with 10% (v/v) FBS (Sigma-Aldrich, Missouri, USA) and 1% (v/v) of penicillin-streptomycin 366 solution (Gibco) at 37°C and 5% CO2. C-terminus endogenous tagging of TbRH1 was carried out as previous 367 described (90). Briefly, the C-terminal 626 bp sequence of the TbRH1 ORF was PCR-amplified using primers 368 CGACGAAGCTTCTGCGGATGACGGTAATG and CGACGAGATCTTGTGAATCGCCCTTTGGC and cloned into the 369 pNATx12M plasmid containing 12 copies of the c-myc epitope. The construct was then stably transfected 370 into T. brucei brucei Lister 427 MITat1.2 cells after digestion with PstI. Heterozygous (-/+) and homozygous 371 (-/-) Tbrh1 knockout cell lines were generated using two constructs containing cassettes of either blasticidin 372 or neomycin resistance genes between α-β tubulin and actin intergenic regions, flanked by sequences 373 homologous to the 5' and 3' UTRs of TbRH1, essentially as described in (28). Homologous flanking regions 374 were PCR-amplified using the following primers: 5' UTR CGACGGGATCCTTGCCTTACCCGTGTTTT and 375 CGACGTCTAGACCTTTTCTTTCCCATGGAC , 3' UTR CGACGCCCGGGAGGTGTGTATGGGAATGA and 376 CGACGCTCGAGGCACCACCCAGTATAGAAA . Total RNA was extracted using an RNeasy Mini Kit (Qiagen) and 377 reverse transcribed with SuperScript II Reverse Transcriptase (Invitrogen) using random hexamer primers. 378
Power SYBR Green Master Mix (Invitrogen) was used to perform qPCR and fold change was calculated using 379 the 2-ΔΔCT method (91). 380
ChIP-seq analysis 381
Both DRIP and γH2A ChIP sample preparation was performed using a ChIP-IT Enzymatic Express kit (Active 382 Motif). Briefly, ~ 2x10 8 cells were grown to log phase before fixing in 1% formaldehyde for 5 min whilst 383 shaking at room temperature, before 1 mL of 10X Glycine Buffer was added directly to the cells to stop 384 fixation. Cells were then pelleted, re-suspended in Glycine Stop-Fix Solution and shaken at room 385 temperature for 5 min. Cells were next lysed, according to the manufacturer's protocol, allowing chromatin 386 to be extracted and digested for 5 min with Enzymatic Shearing Cocktail at 37 ˚C to produce ~200 bp 387 fragments. IP was performed overnight at 4 ˚C with 4.5 ng of S9.6 (Kerafast) or 3 µg of anti-уH2A antibody. 388
For DRIP, on-bead treatment of control DRIP samples was performed as previously described (43). qPCR 389 was performed directly from DNA recovered from DRIP samples, with or without EcRH1 treatment, using 390 SYBR Select Master Mix (Invitrogen). The amount of DNA in IP samples was expressed as a percentage of 391 input DNA, using CT values first adjusted by the dilution factor of each sample. 392
Library preparation was performed using a TruSeq ChIP Library Preparation Kit (Illumina) and fragments of 393 300 bp, including adaptors, were selected with Agencourt AMPure XP (Beckman Coulter). Sequencing was 394 performed with an Illumina NextSeq 500 platform. Reads were trimmed using TrimGalore 395 (https://github.com/FelixKrueger/TrimGalore) under default settings before alignment to the Lister 427 396 bloodstream VSG expression sites using Bowtie2 (92) in "very-sensitive" mode. Reads with a MapQ value <1 397 were removed using SAMtools (93), leaving at least 30 million aligned reads per sample. The fold change 398 between input and IP read depth was determined for each sample using the DeepTools bamCompare tool 399 (library size was normalised by read count and fold change was expressed as a ratio) and visualised as 400 tracks with IGV (94). Normalised ratio files were also used to generate plots and perform kmeans cluster 401 analysis using deepTools computeMatrix, plotProfile and plotHeatmap (95) tools. 402
RNA-seq analysis 403
For RNA -seq analysis, total RNA was extracted using the RNeasy Mini Kit (Qiagen). Poly(A) selection and 404 library preparation was then performed using the TruSeq Stranded Total RNA kit (Illumina) and sequencing 405 of 75 bp paired-end reads was performed using the Illumina NextSeq 500 platform. 406 RKPM was calculated for each available VSG coding region (16) ignoring duplicate reads. Fold-change in 407 RPKM for each VSG was calculated for Tbrh1-/-relative to WT. To ask what transcripts displayed altered 408 levels in the Tbrh1-/-mutants relative to WT cells fold in RPKM was determined in RStudio. RNAseq reads 409 were aligned to the Lister 427 VSG ES (14) and annotated VSGs (16) using HISAT2 (96) in 'no splice 410 alignment' mode; reads with a MapQ value <1 were removed using SAMtools, which has been shown to 411 remove >99% of short read alignment to the wrong ES (44). Read mapping was visualised using Matplotlib 412 and a custom python script. 413
Immunofluorescence 414 VSG immunofluoresence analysis was performed as previously described (18). Briefly, cell were fixed in 1% 415 formaldehyde (FA) at room temp for 15 min. Cells were then blocked in 50% foetal bovine serum (FBS) for 416 15 min before primary (α-VSG221, 1:10000; α-VSG121, 1:10000: gift from D. Horn) and secondary (Alexa 417
Fluor 594 goat α-rabbit (Molecular Probes) 1:1000; Alexa Fluor 488 goat anti-rat (Molecular Probes), 418 1:1000) antibody staining was carried out at room temp for 45 mins in both cases. Cells were then mounted 419 in Fluoromount G with DAPI (Cambridge Bioscience, Southern Biotech). For 12myc-TbRH1 and yH2A 420 staining, cells were first adhered to slides before fixing in 4% FA for 4 min and then quenched in 100 nM 421 glycine. Cells were permeabilised in 0.2% triton-X 100 for 10 min. Blocking was performed for 1 hour with 422 3% FBS before antibody staining (α-myc Alexa Fluor 488 conjugated (Millipore), 1:500; α-γH2A, 1:1000, and 423
Alexa Fluor 488 goat α-rabbit (Molecular Probes), 1:1000) and mounting in DAPI as described above. For 424 counting purposes cells were imaged using an Axioscope 2 fluorescence microscope (Zeiss) with a 60x 425 objective. Higher resolution of VSG staining was performed with a DeltaVision Core Microscope (Applied 426 Precision), using a 100x 1.4 oil objective (Olympus). Super-resolution structured-illumination imaging of 427 12myc-RH1 and yH2A signal was performed using an Elyra PS.1 microscope (Carl Zeiss) using a 63x 1.4 428 objective. 429 430 Acknowledgements. We thank all lab members for invaluable discussions, and David Horn and Sebastian 431
Hutchinson for comparing unpublished data. 432 433 Data Access. Sequences used in the mapping have been deposited in the European Nucleotide Archive 434 (accession number PRJEB21868). DRIPseq analysis will be hosted at TriTryDB 435 (http://tritrypdb.org/tritrypdb/) in an upcoming release. 436 437 438 439 cells (pink) and Tbrh1-/-mutants (green); error bars display SEM for at least three technical replicates and 686 data are shown for two biological replicates (1 and 2). C-E. DRIP-seq signal fold-change (IP relative to input 687 samples; y-axes) plotted as heatmaps and average signal fold-change profiles over ES regions encompassing 688
the ESAGs (C), 70-bp repeats (D) and VSG (E); for each region, 5' and 3' (x-axes) denote the upstream and 689 downstream boundaries, and in some cases -/+ 0.5 kb of flanking sequence is shown. Upper two panels: 690 comparison of WT and Tbrh1-/-DRIPseq signal using kmeans clustering, which separated the active (light 691 green, cluster 2) and inactive (dark blue, cluster 1) ES when analysing ESAGs and 70 bp repeats, but not 692
VSGs. Lower panels: Overlay of WT (purple) and Tbrh1-/-(green) DRIPseq signals in the three ES regions, 693 with the active and silent ES displayed separately for the ESAGs and 70 bp repeats. 694 Tbrh1-/-and WT cells switch off expression of VSG221 on their cell surface. For each cell type, three 711 VSG221-expressing clones were generated and grown independently, by serial passage in culture, for a 712 number of generations. At multiple time points the number of cells in the populations express or do not 713 express VSG221 was assessed by immunofluorescence with anti-VSG221 antiserum; non-VSG221 714 expressing WT (black) and Tbrh1-/-(grey) cells are shown as a proportion of the total population (data 715 shows average and SD of the three clones, and >200 cells were counted for each clone and at each time 716 point). Cumulative density of WT (solid line) and Tbrh1-/-cells (dotted line) over the course of the analysis 717 is shown; values depict average density and SD for the three clones of each cell type at the passages shown. 718 B Percentage of WT (WT 1.2) and Tbrh1-/-cells expressing VSG221 or VSG121 on their surface, as 719 determined by co-immunofluorescence imaging with anti-VSG221 and VSG121 antiserum. The graph 720 depicts the relative proportions of cells in the population in which only VSG221 (magenta) or VSG121 721 (yellow) could be detected, as wells as cell with both (orange) or neither (grey) of the two VSG on their 722 surface; >200 cells were analysed for each cell type in each of three replicates (error bars denote SEM). C. 723
Co-immunofluorescence imaging of VSG221 and VSG121, providing examples of the surface coat 724 configurations measured in (B); in addition to WT 1.2 cells and Tbrh1-/-mutants, an example of a cell is 725
shown from a T. brucei strain (WT 1.6)(45) that predominantly expresses VSG121 and not VSG221 (Scale 726 bars, 5 m). D. Analysis of WT 1.6 and Tbrh1-/-mutant cells that express VSG121 on the cell surface, 727
showing the percentages that simultaneously express VSG221 (orange) or only express VSG121 (yellow); 728 >100 cells were analysed in each of three replicate experiments for each cell type. 729 containing VSG221 and VSG121, annotated as in Fig2A); note the read depth scale (y-axes) for each is 792 distinct for the ES regions containing the VSG (red box) and the ESAGs (blue boxes, numbered). For all other 793 ES, RNAseq read depth (normalised to gene length and total number of reads) is shown only for the VSGs, 794 which are numbered according to (16), with the ES that houses them indicated (see Fig.S3 ). 795 Lister 427. ChIP-seq was performed with specific antiserum against γ-H2Ain wild type (WT) and Tbrh1-/-806 cells and Illumina reads mapped to all ES (BES, numbered as in (14)) not shown in Fig.1. Promoters (aqua) , 807
ESAGs ( 
